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Abstract

Sudan Red-G/cyclodextrin-doped zinc oxide nanocrystals are synthesized and characterized by UV-visible, fluorescence, FTIR,
DTA, XRD, SEM, and TEM methods. Solvent and cyclodextrin studies confirm the existence of the azo-hydrazo tautomer in the
SRG molecule. The ground and excited state absorption wavelengths of SRG are similar to Red G, Sudan I, and Sudan II. The
dipole moment, internal energy, free energy, enthalpy, entropy, and the HOMO-LUMO energy levels of SRG, a-CD, -CD,
SRG/a-CD, and SRG/B-CD are determined using the PM3 method. SRG's horizontal bond length is higher than the a-CD and
B-CD cavity size, only a partial inclusion of the SRG molecule occurs in the CD. Absorption and emission spectral shifts are
largely varied when SRG/CD doped on ZnO. Compared to SRG and ZnO/B-CD, the ZnO/SRG/B-CD nanocrystals showed
significant differences in the FTIR, DTA and XRD peaks, indicating that SRG and B-CD were successfully doped onto the ZnO
nanoparticles. TEM morphology supports the formation of nanocrystals in the SRG/CD doped ZnO. The nanocrystal sizes are
analyzed using TEM-EDS and XRD techniques.
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1. Introduction

Zinc oxide nanoparticles (ZnO NPs) generally used in  for its catalytic, electrical, optoelectronic, and photochemical
various fields like rubber, textile, concrete, sensors, photoca-  properties. In rubber industry, ZnO NPs was used due to their
talysis, photoelectron devices, electronics, highly functional ability to improve the wear resistance of rubber composites,
and effective devices, electrotechnology, antibacterial and  increase the strength and durability of high polymers, and
antimicrobial industries [1-18]. It has been used considerably ~ prevent aging, among other advantages [4, 5]. ZnO is also
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incorporated into personal care products like sunscreens and
cosmetics for its effective UV light absorption properties [6].
An addition of ZnO NPs in the textile industry, the fabrics
imparts deodorization, antibacterial activity, and resistance to
UV and visible light [7]. Since zinc oxide shows different
physical and chemical properties depending upon the mor-
phology of nano structures, not only various synthesis meth-
ods but also the physical, chemical and spectral properties of
synthesized zinc oxide are to be investigated in terms of its
morphology. The applications and characteristics of ZnO
nano are analysed with other metal oxides, but no work is
done with drugs and dyes. Because of this reason, this man-
uscript focuses on: a) investigating the presence of intramo-
lecular hydrogen bonding (IHB) or azo-hydrazo tautomer in
SRG; b) synthesizing and characterizing ZnO, ZnO/CD,
ZnO/SRG, and ZnO/SRG/CD nanomaterials using various
spectral and microscopic techniques; and c) studying the
impact of doping SRG/CD onto ZnO nanoparticles.

2. Experimental

2.1. Preparation of SRG/CD

1,2,4,6,8,and 10 mL of 0.01 M a-CD and B-CD aqueous
solutions were added to a 10 mL standard measuring flask
(SMF). After adding 0.2 mL of SRG (2x1072 M), the solution
was diluted with triple-distilled water to a final volume of 10
mL. The final SRG concentration in each flask was 4x10~* M,
and the a-CD and B-CD concentrations varying from 0.1x102
Mto 1.0x1072 M.

2.2. Preparation of ZnO and ZnO/SRG/CD
Nanomaterials

0.01 M zinc sulfate was dissolved in 100 mL of deionized
water and heated at 5060 <C for 20-30 minutes. A 1:2 molar
ratio of ZnSO. and NaOH was prepared, and the solution was
vigorously stirred for 12 hours at 300 K. After several wash-
ings, the white ZnO precipitate was separated by centrifuga-
tion [19-23]. The precipitate was then dried at 100 <T for six
hours and the final size range of ZnO nanoparticles are 25-50
nm.

SRG (20 mL of 2 x 10 M) was mixed with CD (80 mL of
1 <1072 M) in a reaction vessel. Zinc sulfate (100 mL of 0.01
M) was then added to the mixture and heated at 50 <C for one
hour. Then, 2-5 mL of 1 M NaOH was introduced, and the
mixture was stirred for 1-2 hours. The mixture was then
freeze-dried and dehydrated at -80 <C. The resulting
ZnO/SRG/CD powder was collected and used for spectral
microscopic analysis.
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2.3. Molecular Modeling Studies

The ground-state geometry of SRG, o-CD, B-CD,
SRG/a-CD, and SRG/B-CD in the gas phase was optimized
using the PM3 method and Gaussian 09W software [23, 34].
The initial geometries of the SRG and CD molecules were
constructed with Spartan 08 and then optimised by the PM3
method. a-CD and B-CD were fully optimised by PM3
without any symmetry constraints. Because the
semi-empirical PM3 method has been shown to be a powerful
tool in the conformational study of Guest: CD complexes and
has high computational efficiency in calculating CD systems
it was selected to study the inclusion process of CD with SRG
in this work.

3. Result and Discussion

3.1. Influence of Solvents, a-CD, and B-CD on
SRG

Absorption and fluorescence bands of Sudan Red-G (SRG,
2-[(E)-(2-methoxyphenyl) diazenyl] naphthalen-2-ol, Figure
1) were analysed in various solvents, a-CD and $-CD (Table 1,
and Figure 2). SRG exhibited four absorption peaks in all the
solvents, a-CD, and B-CD, and the position and shape of the
spectra are similar to those of Sudan I (SDI), Sudan 11 (SDII),
and Sudan Red B (SRB) [23, 24]. The absorption and fluo-
rescence spectra of SRG in cyclohexane were blue-shifted
(Mabs ~ 490, 311, 262, 229 nm, Aemi ~ 573, 350 nm) compared
to SDI (haps ~ 502, 465, 434, 336, 305, 236 nM, Aemi ~ 582, 350
nm), SDII (Aaps ~ 516, 489, 426, 310, 230 nm, Aemi ~ 589, 355
nm), and SRB (Aaps ~ 510, 350, 239 nm, Aemi ~ 582, 377 nm).
The trend in the ground state wavelength is SRG < SDI < SRB
< SDII. This sequence indicates that the ground and excited
state behavior is primarily influenced by the location of the
substituents on the aromatic ring.

Figure 1. Chemical structure of Sudan Red-G [SRG].
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Figure 2. Absorption and fluorescence spectra of SRG in different
a-CD concentrations (M): (1) 0, (2) 0.001, (3) 0.002, (4) 0.004, (5)
0.006, (6) 0.008, (7) 0.01. Insert figure: absorbance/ IF vs [a-CD].

In the excited state, SRG are bathochromic shifted from
cyclohexane to water. Notably, compared to cyclohexane, in
neutral pH-7, the ground state absorption maxima of SRG
(Aans~ 562, 514, 322, 268 nm, Aemi~ 587, 350 nm) experience a
more significant red shift due to the formation of hydroxyl
anions. The ground state absorption bands are broader,
stronger, and exhibit a pronounced bathochromic shift due to
interactions between the OH/OCH3; groups and the -N=N-
group. The variations observed in the ground and excited
states in all the solvents and the CD solutions suggest that the
SRG molecule is encapsulated within the CD cavity. The
larger bathochromic shift observed for SRG, SDI, SDII, and
SRB is attributed to the enhanced charge movement effect
among the hydroxyl/ methoxy groups and the phe-
nyl/naphthalene rings. These shifts, either bathochromic or
hypsochromic, indicate greater resonance exchanges of the
azo group and the aromatic ring [13-20]. When o-CD and
B-CD concentrations increased, the absorption wavelength of
SRG slightly shifted from 562, 514, 322, 268 nm to 564, 516,
323, 268 nm (Figure 2). SRG exhibited multiple emission in
aqueous and CD solutions (344, 424, and 587 nm) and inten-
sities were increased at the same wavelength. In the Sp and S;
states, the spectral changes of SRG in water, and CDs are
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similar suggesting that both a-CD, and B-CD form similar
guest-host complexes with SRG [23-33].

Table 1. Absorption and fluorescence spectral maxima of SRG with
different solvents, a-CD and p-CD.

Solvents Aabs log € Aflu

490 3.22

311 2.58 573
Cyclohexane

262 2.95 350

229 3.42

490 3.22

311 2.58 572
1,4-Dioxane

262 2.95 350

229 3.46

490 3.25

312 2.77 574
Ethyl acetate

262 3.06 350

250 3.05

492 3.28

310 2.77 576
Acetonitrile

262 3.06 350

231 343

503 3.27

312 2.78 580
2-Propanol

261 3.08 350

245 3.07

503 3.27

312 2.70 579
Ethanol

261 3.01 350

228 3.51

562 3.82

514 3.78 587
Water

322 3.50 350

268 3.68

564 3.94

516 3.89 >88
a-CD (0.01 M) 424

323 3.63 343

268 3.81

561 3.73 588
B-CD (0.01 M)

513 3.68 424
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Solvents Aabs log € Aflu
321 3.42 343
268 3.65

Excitation wave- i 510

length (nm) 320

In SRG, the broad band and significant bathochromic shifts
observed in the Sp and S; states suggest the presence of an
intramolecular hydrogen bond (IHB) (Table 1 and Figure 2).
Specifically, the ortho -OH and the -N=N- groups form a
six-membered ring through IHB. The maxima in both states
remain largely unchanged across solvents of varying polari-
ties, which supports the presence of the azo-hydrazo tauto-
meric form in SRG [13, 14, 24-30]. In comparison to other
solvents, water shows a decrease in emission intensity at the
shorter wavelength (350 nm) and an increase at the longer
wavelength (583 nm). These observations indicate that as
solvent polarity increases, the "hydrazo” form becomes more
dominant, while the "azo" form decreases [23, 24]. In contrast
to hydroxyl groups, methoxy substituents have negligeable
effect on the azo-hydrazo tautomer (Table 1). These findings
suggest: i) the hydroxyl group in SRG induces significant
bathochromic shifts in both tautomeric forms in the ground
state; ii) the position of the functional group within the phe-
nyl/naphthalene ring plays a critical role in determining the
ground and excited state behavior, and iii) the methoxy group
does not impact the wavelength of the azo-hydrazo tautomer.

Bathochromic shifts observed for the longest ground state
wavelength in the tautomeric forms of SRG (Table 1) are
primarily attributed to the donor OH group. Similar effects
have been noted in Sudan Red-B, SDI, and SDII [13, 14].
Additionally, the band positions in the ground state are largely

independent of solvent polarity, with only small shifts ob-
served, further suggesting the existence of the azo-hydrazo
tautomer. These results also imply that in polar solvents, the
donor OH group stabilizes the hydrazo tautomer [34-41].

3.2. Computational Study

The Sq state structure of SRG, a-CD, B-CD, SRG/a-CD,
and SRG/B-CD were optimized by PM3 method (Figure 3).
Table 2 provides the dipole moment, internal energy, free
energy, enthalpy, entropy, HOMO, and LUMO values for
these systems [23, 34]. Using two different coordinate sets,
the optimization was initialized by positioning either an ani-
sole or naphthol ring of the SRG towards the CD cavity. The
height of the a-CD and p-CD is 7.8 A, while the interior di-
ameter of the a-CD and B-CD is 5.6 and 6.5 A respectively.
The horizontal and vertical bond distances of SRG are 9.21 A
and 6.08 A respectively. Since the SRG's horizontal bond
length exceeds the a-CD and B-CD cavity size, a partial in-
clusion of the SRG molecule only happens. Hydrogen bonds
formed between the hydroxyl groups of the CDs further sta-
bilize the 1: 1 guest/host complexes. This stabilization leads
to variations in the ground and excited-state intensities of
SRG in both the CD and solvent environments. The optimized
inclusion complex structures confirm partial embedding of
SRG in the CD cavity.

The AE, AH, AG, and AS values for the most stable
SRG/a-CD and SRG/B-CD inclusion complexes are listed in
Table 2. In comparison to isolated CDs and SRG/a-CD, the
above values for the SRG/B-CD inclusion complex are more
negative, signifying greater stability. The negative AH and
AG values indicate that the inclusion complex formation is
both exothermic and spontaneous.

Table 2. Energetic features, thermodynamic parameters and HOMO-LUMO energy calculations for SRG and its inclusion complexes by

semiempirical PM3 method.

Properties SRG a-CD
Enomo (eV) -8.45 -10.37
ErLumo (eV) -0.53 1.26
Enomo — ELumo (eV) 7.92 -11.63
Dipole (D) 1.49 11.34

E (kcal mol) 31.49 -1247.62
AE (kcal mol ™) - -

G (kcal mol™) 183.46 -676.37
AG (kcal mol ") - -

H (kcal mol™) 140.40 -570.84

AH (kcal mol!) - -

26

B-CD SRG/a-CD SRG/g-CD
-10.35 -8.52 -8.80
1.23 -0.73 -1.06
-11.58 7.78 7.73
12.29 11.80 12.39
-1457.63 -1219.58 -1434.92
- -3.45 -8.78
-789.52 -861.77 -975.00
- -1.94 -16.48
-667.55 -727.99 -824.43
- -16.75 -2.02
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Properties SRG o-CD
S (kcal/mol-Kelvin) 0.144 0.353
AS (kcal/mol-Kelvin) - -

ZPE 171.41 635.09

kcal/mol; **kcal/mol-Kelvin; ZPE = Zero-point vibration energy

The HOMO-LUMO energy gaps for SRG/a-CD and
SRG/B-CD suggest that significant variations will occur in the
electronic structure, inclusion, and binding of SRG. In the
HOMO and LUMO diagrams, green and red colors represent
positive and negative phases of the molecule, respectively,
while blue color indicates nitrogen atoms. The molecular
electrostatic potential (MEP) map (Figure 3) shows a red
region, indicating a higher electronegative charge compared
to other atoms. Larger values of (EHOMO-ELUMO) gener-
ally indicate greater stability. When compared to the SRG
molecule, the SRG/B-CD inclusion complex has a more neg-
ative HOMO-LUMO gap, reflecting its enhanced stability.

9.21A
(a) PM3 optimized structure for SRG

) 9
»’ J Erao=-0.53 eV
> i {
-
d
o
AE=7

92 eV

Enoro=-8.45 eV

(¢) HOMO, LUMO
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B-CD SRG/a-CD SRG/B-CD
0.409 0.448 0.505
- 0.049 0.049
740.56 807.86 -913.72

-7.689¢o [N i - S - 550<0

(d) MEP

Figure 3. PM3 optimized structures of (a) SRG (b) HOMO, LUMO
and (c) MEP of SRG.

3.3. Effect of SRG/B-CD Doping on ZnO
Nanoparticles

The ground and excited states wavelength of the ZnO,
ZnO/SRG, ZnO/B-CD, and ZnO/SRG/B-CD nanoparticles
were examined. ZnO nano exhibit absorption and emission
peaks at 320 nm and 420 nm, and 355 nm, respectively. It is
well known that factors such as nanoparticle size, shape,
metal type, and surrounding environment can influence
spectral bands, and that the particle count does not correlate
with the intensity of spectral maxima [23]. When the SRG
molecule is incorporated into ZnO nanoparticles, the
UV-visible and fluorescence maxima shift to 560 nm, 507 nm,
323 nm, and 575 nm, 410 nm, respectively. When B-CD
doped on ZnO nano, the UV-visible and fluorescence wave-
lengths shift to 250 nm and 398 nm, respectively. When both
SRG and B-CD are incorporated into ZnO nanoparticles, the
UV-visible maxima shift to 367 nm and 257 nm, while the
fluorescence maximum moves to 460 nm and 370 nm, re-
spectively. These variations in UV-visible and fluorescence
shifts indicate that SRG and CD have been successfully doped
onto the ZnO nano.

3.4. FE-SEM and TEM Morphology

The morphologies of SRG, ZnO nanoparticles, ZnO/p-CD,
and ZnO/SRG/B-CD nanocrystals were examined using
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FE-SEM and EDAX (Figure 4). ZnO nanoparticles were
observed to form small spherical clusters. ZnO/B-CD ap-
peared as sheet-like structures, while SRG had a brick-shaped
form. on the other hand, ZnO/SRG/B-CD exhibited a nanorod
morphology. The FE-SEM-EDAX analysis revealed the fol-
lowing elemental compositions: (a) ZnO nanoparticles con-
sisted of 57.34% zinc and 42.66% oxygen, (b) ZnO/B-CD
nanoparticles contained 19.67% zinc, 54.42% oxygen, and

TEM illustrate the morphologies (Figure 5) of the above
nanomaterials. ZnO nanoparticles exhibited a sheet-like
structure, while ZnO/B-CD appeared rod-shaped, and
ZnO/SRG/B-CD displayed stone-like particles ranging from
16 to 24 nm. The TEM images revealed that ZnO nanosheets
were globular particles with sizes between 20 and 44 nm,
while ZnO/B-CD nano ranged from 20 to 40 nm. TEM-EDX

Figure 4. FE-SEM images for (a) ZnO, (b) ZnO/f-CD, (c) SRG, (d) ZnO/SRG/-CD.
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25.91% carbon, (c) SRG was composed of 69.18% carbon,
9.93% nitrogen, and 20.89% oxygen, and (d) the

ZnO/SRG/B-CD nanoparticles had 45.08% zinc, 22.68%
carbon, 1.95% nitrogen, and 30.29% oxygen. The variations
in the images and atomic percentages of ZnO, SRG, and
ZnO/SRG/B-CD nanocrystals indicate the formation of new
nanostructures.

data  further supported the development of the
ZnO/SRG/B-CD nanoparticles: (a) ZnO nano contained
69.84% zinc and 30.16% oxygen, (b) ZnO/B-CD contained
8.79% zinc, 44.59% oxygen, and 46.61% carbon, and (c)
ZnO/SRG/B-CD had 75.09% zinc, 13.24% carbon, 10.67%
oxygen, and 1.00% nitrogen. These findings confirmed the
formation of the ZnO/SRG/B-CD nano.
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Figure 5. HR-TEM images for (a-c) ZnO, (d-f) ZnO/B-CD, (g-i) ZnO/SRG/B-CD.

HR-TEM measurements indicated sizes of 24.98 nm for
ZnO, 2398 nm for ZnO/B-CD, and 19.06 nm for
ZnO/SRG/B-CD. XRD results showed the following particle
sizes: ZnO at 19.30 nm, B-CD at 23.84 nm, SRG at 21.68 nm,
ZnO/B-CD at 20.69 nm, and ZnO/SRG/B-CD at 15.80 nm. A
comparison of the XRD and HR-TEM methods revealed a
size variation of approximately 3-4 nm between the two
techniques.

3.5. Powder X-RD Method

For this study, JCPDS card number 03-065-3411 and data
card number 800-075 were utilized. The XRD peaks of the
samples were compared to the standard ZnO face-centered
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P

cubic (fcc) peaks. The observed hkl planes included (100),
(002), (101), (102), (103), (110), (112), and (201). ZnO na-
noparticles and B-CD displayed eight XRD peaks at 31.80,
34.51, 36.21, 47.52, 56.61, 62.90, 67.91, 69.92 and 13.39,
19.93, 23.50, 27.65, 31.96, 35.54, 40.58, 48.90, respectively.
In the ZnO/B-CD sample, ten peaks were observed at 10.15,
15.18, 25.41, 28.38, 34.92, 42.29, 49.77, 59.16, 63.32, and
70.33. SRG exhibited eight peaks at 12.32, 24.72, 27.69,
32.94, 35.09, 41.43, 50.32, and 61.24. ZnO/SRG/B-CD
showed eight peaks at 10.05, 14.90, 25.40, 28.37, 32.94, 41.84,
58.55, and 62.86. Compared to SRG and B-CD, the
ZnO/SRG/B-CD nanocrystals displayed a different diffraction
pattern and varied peak intensities, indicating the formation of
new nanocrystals. Additionally, several prominent peaks
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between 10° and 80° confirmed the of

ZnO/SRG/B-CD nanocrystals.

synthesis

3.6. FT-IR Studies

FTIR analysis was conducted on ZnO nanoparticles, SRG,
ZnO/SRG, ZnO/p-CD, and ZnO/SRG/B-CD. The ZnO na-
noparticles showed characteristic peaks at 3325, 1587, 1450,
592, and 513 cm™', with the peaks at 3325, 592, and 513 cm™!
confirming the presence of ZnO nanoparticles [13, 23]. When
ZnO was combined with B-CD, the peak at 3325 cm™ shifted
to 3280 cm!, the 1587 and 1450 cm™ peaks shifted to 1614
and 1514 cm™, and the 592 and 513 cm™ peaks shifted to 594
and 526 cm™, suggesting interaction between ZnO nanopar-
ticles and B-CD.

In SRG, the OH and OCH: groups produced peaks at 3255
and 2843 cm™, the azo group appeared at 1390 cm™, and the
phenyl ring was identified by peaks at 1608 and 1552 cm™.
Other notable peaks included the C-OH group at 2348 cm™,
out-of-plane C-H vibrations at 839 and 744 cm™, and the
C-N-C bond at 586 cm™. When ZnO nanoparticles were
added to SRG/B-CD, the positions of these peaks shifted
slightly. In the ZnO/SRG/B-CD composite, the OH peak re-
mained at 3255 cm™, the OCHs peak weakened, the -N=N-
group peak shifted to 1384 cm™, and the aromatic ring peaks
moved to 1606 and 1550 cm™. The C-OH peak appeared at
2350 cm™, the out-of-plane C-H peaks were at 837 and 746
cm™!, and the C-N-C peak shifted to 596 cm™. When com-
pared to SRG and ZnO/B-CD, the ZnO/SRG/B-CD nano-
crystals showed significant differences in the FTIR peaks,
indicating that SRG and B-CD were successfully doped onto
the ZnO nanoparticles.

3.7. DTA Thermogram

DTA analysis was performed on ZnO nanoparticles, SRG,
ZnO/B-CD, and ZnO/SRG/B-CD. ZnO nanoparticles exhib-
ited two exothermic peaks at 226.1<C and 546.7 <C, and three
endothermic peaks at 272.6<C, 731.1<C, and 919.2<C. SRG
showed two exothermic peaks at 289.8<C and 841.9<C, with
one endothermic peak at 183.5<C, while B-CD displayed a
single exothermic peak at 128.6<C. In the ZnO/B-CD sample,
two exothermic peaks were observed at 224.3<C and 932.4<TC,
along with four endothermic peaks at 265.2<C, 354.6<C,
749.8<C, and 884.1<C. The ZnO/SRG/B-CD composite ex-
hibited two endothermic peaks at 295.5<C and 964.8<C, and
four exothermic peaks at 235.7<C, 470.7<C, 748.6C, and
1017.1<C. The endothermic peaks observed in all cases are
attributed to the loss of water from the materials. The differ-
ences in the endothermic and exothermic peak patterns in
SRG, Zn0O, B-CD, and ZnO/SRG/B-CD confirm the formation
of new nanocrystals.
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4. Conclusion

Sudan Red-G/cyclodextrin-doped zinc oxide nanocrystals
are synthesized and characterized by UV-visible, fluorescence,
FTIR, DTA, XRD, SEM, and TEM methods. The presence of
the azo-hydrazo tautomer in the SRG molecule is validated
through solvent and CD analysis. The ground and excited state
absorption wavelengths of SRG are similar to Red G, Sudan |,
and Sudan Il. The dipole moment, internal energy, free energy,
enthalpy, entropy, and the HOMO-LUMO energy levels of
SRG, a-CD, B-CD, SRG/a-CD, and SRG/B-CD are determined
using the PM3 method. SRG's horizontal bond length is higher
than the a-CD and B-CD cavity size, only a partial inclusion of
the SRG molecule occurs in the CD. Absorption and emission
spectral shifts are largely varied when SRG/CD doped on ZnO.
Compared to SRG and ZnO/B-CD, the ZnO/SRG/B-CD nano-
crystals showed significant differences in the FTIR, DTA and
XRD peaks, indicating that SRG and B-CD were successfully
doped onto the ZnO nanoparticles. TEM morphology supports
the formation of nanocrystals in the SRG/CD ‘doped ZnO.
Both XRD and TEM data indicated that the size of the nano-
crystals ranged from 16 to 35 nm.

Abbreviations

FTIR Fourier Transform Infrared Spectroscopy

DTA Differential Thermal Analysis

XRD X-ray Diffraction

SEM Scanning Electron Microscopy

TEM Transmission Electron Microscopy

HOMO Highest Occupied Molecular Orbital

LUMO Lowest Unoccupied Molecular Orbital

SRG Sudan Red G

ZnO NPs  Zinc Oxide Nanoparticles

a-CD Alpha Cyclodextrin; -CD — Beta
Cyclodextrin

SDI Sudan I

SDII Sudan 1T

SRB Sudan Red B

PM3 Parametric Method 3

AE Internal Energy Change

AH Enthalpy Change

AG Free Energy Change

AS Entropy Change
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